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4L :HL 1LFRODV 'RELJHRQ DQG -HDQ<YHV 7RXUQHUHW
8QLYHUVLW\ RI 7RXORXVH ,5,7,13(16((,+7  7RXORXVH FHGH[  )UDQFH
$%675$&7
7KLV SDSHU SUHVHQWV D %D\HVLDQ IXVLRQ WHFKQLTXH IRU PXOWLEDQG LP
DJHV 7KH REVHUYHG LPDJHV DUH UHODWHG WR WKH KLJK VSHFWUDO DQG KLJK
VSDWLDO UHVROXWLRQ LPDJH WR EH UHFRYHUHG WKURXJK SK\VLFDO GHJUDGD
WLRQV HJ VSDWLDO DQG VSHFWUDO EOXUULQJ DQGRU VXEVDPSOLQJ GH¿QHG
E\ WKH VHQVRU FKDUDFWHULVWLFV 7KH IXVLRQ SUREOHP LV IRUPXODWHG
ZLWKLQ D %D\HVLDQ HVWLPDWLRQ IUDPHZRUN $Q DSSURSULDWH SULRU
GLVWULEXWLRQ UHODWHG WR WKH OLQHDU PL[LQJ PRGHO IRU K\SHUVSHFWUDO
LPDJHV LV LQWURGXFHG 7R FRPSXWH %D\HVLDQ HVWLPDWRUV RI WKH VFHQH
RI LQWHUHVW IURP LWV SRVWHULRU GLVWULEXWLRQ D *LEEV VDPSOLQJ DOJR
ULWKP LV SURSRVHG WR JHQHUDWH VDPSOHV DV\PSWRWLFDOO\ GLVWULEXWHG
DFFRUGLQJ WR WKH WDUJHW GLVWULEXWLRQ 7R HI¿FLHQWO\ VDPSOH IURP WKLV
KLJKGLPHQVLRQDO GLVWULEXWLRQ D +DPLOWRQLDQ 0RQWH &DUOR VWHS LV
LQWURGXFHG LQ WKLV *LEEV VDPSOHU 7KH HI¿FLHQF\ RI WKH SURSRVHG
IXVLRQ PHWKRG LV HYDOXDWHG ZLWK UHVSHFW WR VHYHUDO VWDWHRIWKHDUW
IXVLRQ WHFKQLTXHV
,QGH[ 7HUPV² )XVLRQ PXOWLVSHFWUDO DQG K\SHUVSHFWUDO LPDJHV
%D\HVLDQ HVWLPDWLRQ *LEEV VDPSOHU +DPLOWRQLDQ 0RQWH &DUOR
 ,1752'8&7,21
)XVLQJ D KLJK VSDWLDO DQG ORZ VSHFWUDO UHVROXWLRQ LPDJH ZLWK DQ DX[LO
LDU\ LPDJH RI KLJKHU VSHFWUDO EXW ORZHU VSDWLDO UHVROXWLRQ DOVR NQRZQ
DV PXOWLUHVROXWLRQ LPDJH IXVLRQ KDV EHHQ H[SORUHG IRU PDQ\ \HDUV
> @ :KHQ FRQVLGHULQJ UHPRWHO\ VHQVHG LPDJHV DQ DUFKHW\SDO IX
VLRQ WDVN LV WKH SDQVKDUSHQLQJ ZKLFK FRQVLVWV RI IXVLQJ D KLJK VSD
WLDO UHVROXWLRQ SDQFKURPDWLF 3$1 LPDJH DQG ORZ VSDWLDO UHVROX
WLRQ PXOWLVSHFWUDO 06 LPDJH > @ 0RUH UHFHQWO\ K\SHUVSHFWUDO
+6 LPDJLQJ ZKLFK FRQVLVWV RI DFTXLULQJ D VDPH VFHQH LQ VHYHUDO
KXQGUHGV RI FRQWLJXRXV VSHFWUDO EDQGV KDV RSHQHG D QHZ UDQJH RI
UHOHYDQW DSSOLFDWLRQV VXFK DV WDUJHW GHWHFWLRQ >@ DQG VSHFWUDO XQ
PL[LQJ >@ 1DWXUDOO\ WR WDNH DGYDQWDJH RI WKH QHZHVW EHQH¿WV RI
IHUHG E\ +6 LPDJHV WKH SUREOHP RI IXVLQJ +6 DQG 3$1 LPDJHV KDV
EHHQ H[SORUHG >@ &DSLWDOL]LQJ RQ GHFDGHV RI H[SHULHQFH LQ 06 SDQ
VKDUSHQLQJ PRVW RI WKH +6 SDQVKDUSHQLQJ DSSURDFKHV PHUHO\ DGDSW
H[LVWLQJ DOJRULWKPV IRU 3$1 DQG 06 IXVLRQ >@ 2WKHU PHWKRGV DUH
VSHFL¿FDOO\ GHVLJQHG WR WKH +6 SDQVKDUSHQLQJ SUREOHP VXFK DV >@
RU > @ LQYRNLQJ VXSHUUHVROXWLRQ WHFKQLTXHV &RQYHUVHO\ WKH IX
VLRQ RI 06 DQG +6 LPDJHV KDV EHHQ FRQVLGHUHG LQ IHZHU UHVHDUFK
ZRUNV DQG LV VWLOO D FKDOOHQJLQJ SUREOHP EHFDXVH RI WKH KLJK GLPHQ
VLRQDOLW\ RI WKH GDWD WR EH SURFHVVHG 7KH IXVLRQ RI 06 DQG +6 GLI
IHUV IURP WUDGLWLRQDO 06 RU +6 SDQVKDUSHQLQJ VLQFH ERWK VSDWLDO DQG
VSHFWUDO LQIRUPDWLRQ LV FRQWDLQHG LQ PXOWLEDQG LPDJHV 7KHUHIRUH D
ORW RI SDQVKDUSHQLQJ PHWKRGV VXFK DV FRPSRQHQW VXEVWLWXWLRQ >@
DQG UHODWLYH VSHFWUDO FRQWULEXWLRQ >@ DUH LQDSSOLFDEOH RU LQHI¿FLHQW
IRU WKH +606 IXVLRQ SUREOHP 6LQFH WKH IXVLRQ SUREOHP LV LOOSRVHG
%D\HVLDQ LQIHUHQFH RIIHUV D FRQYHQLHQW ZD\ WR UHJXODUL]H WKH SUREOHP
3DUW RI WKLV ZRUN KDV EHHQ VXSSRUWHG E\ WKH &KLQHVH 6FKRODUVKLS &RXQ
FLO &6&  DQG E\ WKH +\SDQHPD $15 3URMHFW Q◦$15
%6
E\ GH¿QLQJ DQ DSSURSULDWH SULRU GLVWULEXWLRQ IRU WKH VFHQH RI LQWHUHVW
)ROORZLQJ WKLV VWUDWHJ\ +DUGLH HW DO SURSRVHG D %D\HVLDQ HVWLPD
WRU IRU IXVLQJ WKH FRUHJLVWHUHG KLJK VSDWLDOUHVROXWLRQ 06 DQG KLJK
VSHFWUDOUHVROXWLRQ +6 LPDJHV >@ 7KH HVWLPDWRU RI >@ ZDV LP
SOHPHQWHG LQ WKH ZDYHOHW GRPDLQ WR LPSURYH GHQRLVLQJ SHUIRUPDQFH
>@
7KLV ZRUN SURSRVHV WR WDNH LQWR DFFRXQW FRQVWUDLQWV UHODWHG WR
WKH IXVLRQ SUREOHP YLD DSSURSULDWH SULRU GLVWULEXWLRQV XVHG WR EXLOG
D QHZ %D\HVLDQ IXVLRQ PRGHO 0DQ\ ZRUNV KDYH GH¿QHG D %D\HVLDQ
PRGHO IRU WKH XQNQRZQ VFHQH E\ H[SORLWLQJ D SULRUL LQIRUPDWLRQ
SURYLGHG E\ RQH RI WKH VHQVRUV >@>@ ,Q WKLV SDSHU DOO WKH VHQ
VRU VSHFL¿FDWLRQV LQFOXGLQJ VSHFWUDO DQG VSDWLDO UHVSRQVHV DUH H[
SORLWHG WR SURSHUO\ GHVLJQ WKH VSDWLDO DQG VSHFWUDO GHJUDGDWLRQV DI
IHFWLQJ WKH LPDJH WR EH UHFRYHUHG VHH >@ IRU PRUH GHWDLOV DERXW
WKHVH GHJUDGDWLRQV 7R GH¿QH WKH SULRU GLVWULEXWLRQ DVVLJQHG WR WKH
XQNQRZQ LPDJH ZH UHVRUW WR JHRPHWULFDO FRQVLGHUDWLRQV ZHOO DG
PLWWHG LQ WKH +6 LPDJLQJ OLWHUDWXUH GHYRWHG WR WKH OLQHDU XQPL[LQJ
SUREOHP > @ ,Q SDUWLFXODU WKH KLJK VSDWLDO UHVROXWLRQ +6 LPDJH
WR EH HVWLPDWHG LV DVVXPHG WR OLYH LQ D ORZHU GLPHQVLRQDO VXEVSDFH
ZKLFK LV D VXLWDEOH K\SRWKHVLV ZKHQ WKH REVHUYHG VFHQH LV FRPSRVHG
RI D ¿QLWH QXPEHU RI PDFURVFRSLF PDWHULDOV 7ZR %D\HVLDQ HVWLPD
WRUV DUH FODVVLFDOO\ FRQVLGHUHG LQ WKH OLWHUDWXUH WKH PLQLPXP PHDQ
VTXDUH HUURU 006( DQG PD[LPXP D SRVWHULRUL 0$3 HVWLPDWRUV
GH¿QHG DV WKH PHDQ DQG PRGH RI WKH SRVWHULRU GLVWULEXWLRQ 7KH GH
WHUPLQDWLRQ RI WKHVH HVWLPDWRUV UHTXLUHV WR VROYH PXOWLGLPHQVLRQDO
LQWHJUDWLRQ RU RSWLPL]DWLRQ SUREOHPV ZKLFK FDQ EH GLI¿FXOW WR KDQ
GOH )RU LQVWDQFH DOJRULWKPV GHVLJQHG WR PD[LPL]H WKH SRVWHULRU
GLVWULEXWLRQ PD\ VXIIHU IURP WKH SUHVHQFH RI ORFDO H[WUHPD SUHYHQW
LQJ FRQYHUJHQFH WRZDUGV WKH DFWXDO PD[LPXP RI WKH SRVWHULRU ,Q
WKLV SDSHU ZH SURSRVH WR FRPSXWH WKH 006( DQG 0$3 HVWLPDWRUV
RI WKH XQNQRZQ VFHQH E\ XVLQJ VDPSOHV JHQHUDWHG DFFRUGLQJ WR WKH
SRVWHULRU GLVWULEXWLRQ RI LQWHUHVW 7R E\SDVV WKH GLI¿FXOW\ RI VDP
SOLQJ LQ D KLJKGLPHQVLRQDO VXEVSDFH D VXLWDEOH +DPLOWRQLDQ 0RQWH
&DUOR +0& DOJRULWKP LV LQYHVWLJDWHG > @ ,W GLIIHUV IURP WKH
VWDQGDUG 0HWURSROLVZLWKLQ*LEEV DOJRULWKP E\ H[SORLWLQJ +DPLOWR
QLDQ HYROXWLRQ G\QDPLFV WR SURSRVH VWDWHV ZLWK KLJKHU DFFHSWDQFH
UDWLR UHGXFLQJ WKH FRUUHODWLRQ EHWZHHQ VXFFHVVLYH VDPSOHV
7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  IRUPXODWHV WKH IX
VLRQ SUREOHP LQ D %D\HVLDQ IUDPHZRUN ,Q 6HFWLRQ  ZH SURSRVH D
QHZ KLHUDUFKLFDO %D\HVLDQ PRGHO GH¿QHG E\ WKH MRLQW SRVWHULRU GLV
WULEXWLRQ RI WKH XQNQRZQ LPDJH LWV SDUDPHWHUV DQG K\SHUSDUDPHWHUV
6HFWLRQ  VWXGLHV D K\EULG *LEEV VDPSOHU EDVHG RQ DQ +0& PHWKRG
WR VDPSOH WKH SRVWHULRU GLVWULEXWLRQ RI WKLV %D\HVLDQ PRGHO 6LPXOD
WLRQV UHVXOWV DUH SUHVHQWHG LQ 6HFWLRQ  DQG FRQFOXVLRQV DUH UHSRUWHG
LQ 6HFWLRQ 
 352%/(0 )2508/$7,21
/HWZ1 DQG Z2 GHQRWH WKH +6 DQG 06 LPDJHV DFTXLUHG E\ WZR GLIIHU
HQW VHQVRUV IRU D VDPH VFHQH X 7KH REVHUYHG GDWD DUH VXSSRVHG WR
EH GHJUDGHG YHUVLRQV RI WKH KLJKVSHFWUDO DQG KLJKVSDWLDO UHVROXWLRQ
VFHQH X DFFRUGLQJ WR WKH IROORZLQJ REVHUYDWLRQ PRGHO
Zp = Fp (X) +Ep 
ZLWK p ∈ {1, 2} ,Q  Fp (·) LV D OLQHDU WUDQVIRUPDWLRQ WKDW PRG
HOV WKH GHJUDGDWLRQV DIIHFWLQJ X IRU WKH pWK VHQVRU 7KHVH GHJUD
GDWLRQV PD\ LQFOXGH VSDWLDO EOXUULQJ VSHFWUDO EOXUULQJ DQG GHFLPD
WLRQ RSHUDWLRQ ,Q ZKDW IROORZV WKH LPDJHV Zp p = 1, 2 DQG WKH
XQREVHUYHG VFHQH X DUH DVVXPHG WR EH SL[HODWHG LPDJHV RI VL]HV
Np = nx,p × ny,p × nλ,p DQGM = mx ×my ×mλ ZKHUH ·x DQG
·y ERWK UHIHU WR VSDWLDO GLPHQVLRQV DQG ·λ LV IRU WKH VSHFWUDO GLPHQ
VLRQ DQG Np LV WKH WRWDO QXPEHU RI PHDVXUHPHQWV LQ Zp &ODVVLFDOO\
WKH REVHUYHG LPDJH Zp FDQ EH OH[LFRJUDSKLFDOO\ RUGHUHG WR EXLOG WKH
Np×1 YHFWRU zp :LWKRXW ORVV RI JHQHUDOLW\ WKH EDQG LQWHUOHDYHG E\
SL[HO %,3OLNH YHFWRUL]DWLRQ VFKHPH > SS ±@ LV DGRSWHG
LQ WKLV ZRUN VHH SDUDJUDSK  $V D FRQVHTXHQFH WKH REVHUYDWLRQ
HTXDWLRQ  FDQ EH UHZULWWHQ DV
zp = Fpx+ ep 
ZKHUH WKHM × 1 DQG Np × 1 YHFWRUV x DQG ep DUH RUGHUHG YHUVLRQV
RI WKH VFHQH X DQG QRLVH Ep 7KH QRLVH YHFWRU ep LV DVVXPHG WR EH
D ZKLWH *DXVVLDQ VHTXHQFH LH ep ∼ N (0Np , s2p,Np) ZKHUH 0NpLV WKHNp × 1 YHFWRU PDGH RI ]HURV DQG ,Np LV WKHNp ×Np LGHQWLW\PDWUL[ 0RUHRYHU LQ  F1 LV DQ N1 ×M PDWUL[ WKDW UHÀHFWV WKH
VSDWLDO GHJUDGDWLRQ F1 (·) DQG F2 LV DQ N2 ×M PDWUL[ WKDW UHÀHFWV
WKH VSHFWUDO GHJUDGDWLRQ F2 (·) 1RWH WKDW ZKHQ XVLQJ D VLQJOHEDQG
LPDJH z1 F1 LV DQ nxny×nxny JHQHUDOO\ VSDUVH 7RHSOLW] PDWUL[
WKDW LV V\PPHWULF IRU D V\PPHWULF FRQYROXWLRQ NHUQHO κ1
7KH SUREOHP DGGUHVVHG LQ WKLV SDSHU FRQVLVWV RI HVWLPDWLQJ WKH
KLJKVSHFWUDO DQG KLJKVSDWLDO UHVROXWLRQ LPDJH x E\ IXVLQJ WKH
VSDWLDO DQGRU VSHFWUDO LQIRUPDWLRQ SURYLGHG E\ WKH VHW RI REVHUYHG
LPDJHV z = {z1, z2} )RU WKLV ZH LQWURGXFH D QHZ KLHUDUFKLFDO
%D\HVLDQ PRGHO GHWDLOHG LQ WKH QH[W VHFWLRQ
 +,(5$5&+,&$/ %$<(6,$102'(/
 /LNHOLKRRG IXQFWLRQ
8VLQJ WKH VWDWLVWLFDO SURSHUWLHV RI WKH QRLVH YHFWRUV ep p = 1, 2
WKH GLVWULEXWLRQ RI zp LV FOHDUO\ *DXVVLDQ ZLWK PHDQ YHFWRU Fpx DQG
FRYDULDQFH PDWUL[ s2p,Np  LH
f
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
ZKHUH ‖x‖ = (xTx) 12 LV WKH ℓ2QRUP RI x $V PHQWLRQHG LQ
WKH SUHYLRXV VHFWLRQ WKH PHDVXUHPHQWV DUH JHQHUDOO\ DFTXLUHG E\
GLIIHUHQW VHQVRUV 7KHUHIRUH WKH REVHUYHG YHFWRUV z1 DQG z2 DUH
DVVXPHG WR EH LQGHSHQGHQW FRQGLWLRQDOO\ XSRQ WKH XQREVHUYHG
VFHQH x DQG WKH QRLVH YDULDQFHV s21 DQG s22 LH f (z|x, s2) =
f
(
z1|x, s
2
1
)
f
(
z2|x, s
2
2
) ZLWK s2 = (s21, s22)T 
 3ULRU GLVWULEXWLRQV
7KH OLNHOLKRRG RI z LV SDUDPHWHUL]HG E\ WKH XQNQRZQ VFHQH x WR EH
UHFRYHUHG DQG WKH YHFWRU RI QRLVH YDULDQFHV s2 ,Q WKLV VHFWLRQ SULRU
GLVWULEXWLRQV DUH LQWURGXFHG IRU WKHVH SDUDPHWHUV
6FHQH SULRU )ROORZLQJ D %,3 VWUDWHJ\ WKH YHFWRUL]HG LPDJH x
FDQ EH GHFRPSRVHG DV x = (xT1 · · · xTmxmy)T  ZKHUH xi =
(xi,1 · · ·xi,mλ)
T LV WKH mλ × 1 YHFWRU FRUUHVSRQGLQJ WR WKH iWK
VSDWLDO ORFDWLRQ ZLWK i = 1, · · · , mxmy 'XH WR WKH OLQHDU PL[LQJ
PRGHO xi OLYHV LQ D VXEVSDFH Rm˜λ×1 ZKHUH m˜λ LV PXFK VPDOOHU
WKDQ WKH QXPEHU RI EDQGV mλ > @ 7KHUHIRUH ZH LQWURGXFH D
OLQHDU WUDQVIRUPDWLRQ IURP Rmλ×1 WR Rm˜λ×1 VXFK WKDW ui = Vxi
ZKHUH ui LV WKH SURMHFWLRQ RI WKH YHFWRU xi RQWR WKH VXEVSDFH RI
LQWHUHVW DQG WKH WUDQVIRUPDWLRQ PDWUL[V LV RI VL]H m˜λ×mλ 8VLQJ
WKH QRWDWLRQ u = (uT1 · · · uTmxmy)T  ZH KDYH u = Vx ZKHUH
V LV DQ M˜ ×M EORFNGLDJRQDO PDWUL[ ZKRVH EORFNV DUH HTXDO WR
V DQG M˜ = mxmym˜λ $ *DXVVLDQ SULRU LV WKHQ DVVLJQHG WR WKH
SURMHFWHG YHFWRUV ui i = 1, · · · ,mxmy
ui|µu,Σu ∼ N (µu,Σu) . 
7KLV *DXVVLDQ SULRU KDV EHHQ XVHG VXFFHVVIXOO\ LQ PDQ\ LPDJH
SURFHVVLQJ DSSOLFDWLRQV LQFOXGLQJ LPDJH GHQRLVLQJ >@ DQG LPDJH
UHVWRUDWLRQ >@ ,W KDV DOVR WKH DGYDQWDJH RI EHLQJ D FRQMXJDWH
GLVWULEXWLRQ IRU WKH OLNHOLKRRG IXQFWLRQ &RQVHTXHQWO\ DV LW ZLOO EH
VKRZQ LQ 6HFWLRQ  FRXSOLQJ WKLV *DXVVLDQ SULRU GLVWULEXWLRQ ZLWK
WKH *DXVVLDQ OLNHOLKRRG OHDGV WR VLPSOHU HVWLPDWRUV FRQVWUXFWHG IURP
WKH SRVWHULRU GLVWULEXWLRQ RI LQWHUHVW
1RLVH YDULDQFH SULRUV $ QRQLQIRUPDWLYH -HIIUH\V¶ SULRU LV DVVLJQHG
WR WKH QRLVH YDULDQFHV s2p IRU p = 1, 2 LH f (s2p) ∝ 1s2p R+ (s2p)
ZKHUH R+ (·) LV WKH LQGLFDWRU IXQFWLRQ GH¿QHG RQ R+ VHH >@ IRUPRWLYDWLRQV
 +\SHUSDUDPHWHU SULRUV
7KH K\SHUSDUDPHWHU YHFWRU DVVRFLDWHG ZLWK WKH SDUDPHWHU SULRUV
GH¿QHG DERYH LV Φ = {µ
u
,Σu} 7KH TXDOLW\ RI WKH IXVLRQ DOJR
ULWKP LQYHVWLJDWHG LQ WKLV SDSHU FOHDUO\ GHSHQGV RQ WKH YDOXH RI WKH
K\SHUSDUDPHWHUV WKDW QHHG WR EH DGMXVWHG FDUHIXOO\ ,QVWHDG RI ¿[LQJ
WKHVH K\SHUSDUDPHWHUV D SULRUL  ZH SURSRVH WR HVWLPDWH WKHP IURP
WKH GDWD E\ XVLQJ D KLHUDUFKLFDO %D\HVLDQ DOJRULWKP 7KLV DSSURDFK
UHTXLUHV WR GH¿QH SULRUV IRU WKH GLIIHUHQW K\SHUSDUDPHWHUV XVXDOO\
UHIHUUHG WR DV K\SHUSULRUV ZKLFK DUH VXPPDUL]HG LQ WKLV VHFWLRQ
+\SHUSDUDPHWHU µ
u
 7KH K\SHUSDUDPHWHU µ
u
LV DVVLJQHG D FRQMX
JDWH *DXVVLDQ GLVWULEXWLRQ N (µ0,Σ0) ZKHUH µ0 DQG Σ0 DUH ¿[HGWR HQVXUH D QRQLQIRUPDWLYH SULRU IRU µ
u

+\SHUSDUDPHWHU Σu $VVLJQLQJ D FRQMXJDWH LQYHUVH:LVKDUW ,:
GLVWULEXWLRQ WR WKH FRYDULDQFH PDWUL[ Σu KDV SURYLGHG LQWHUHVWLQJ
UHVXOWV LQ WKH VLJQDO DQG LPDJH SURFHVVLQJ OLWHUDWXUH >@ )ROORZ
LQJ WKHVH ZRUNV ZH KDYH FKRVHQΣu ∼ W−1(Ψ, η) ZKHUHW−1 LV
WKH ,: GLVWULEXWLRQ DQG LWV SDUDPHWHUV (Ψ, η)T DUH ¿[HG WR SURYLGH
D QRQLQIRUPDWLYH SULRU IRU Σu
 3RVWHULRU GLVWULEXWLRQ
7KH XQNQRZQ SDUDPHWHU YHFWRU DVVRFLDWHG ZLWK WKH SURSRVHG KLHUDU
FKLFDO %D\HVLDQ IXVLRQ PRGHO LV FRPSRVHG RI WKH SURMHFWHG VFHQH u
WKH QRLVH YHFWRU s2 LH θ = {u, s2} DQG WKH K\SHUSDUDPHWHUV LQ
Φ = {µ
u
,Σu} 7KH MRLQW SRVWHULRU GLVWULEXWLRQ RI WKH XQNQRZQ SD
UDPHWHUV DQG K\SHUSDUDPHWHUV FDQ EH FRPSXWHG XVLQJ WKH IROORZLQJ
KLHUDUFKLFDO VWUXFWXUH
f (θ,Φ|z) ∝ f (z|θ) f (θ|Φ) f (Φ) . 
%\ DVVXPLQJ SULRU LQGHSHQGHQFH EHWZHHQ WKH K\SHUSDUDPHWHUV µ
uDQG Σu DQG WKH SDUDPHWHUV u DQG s2 FRQGLWLRQDOO\ XSRQ µu DQG
Σu WKH IROORZLQJ UHVXOWV FDQ EH REWDLQHG
f (θ|Φ) = f (u|µ
u
,Σu) f
(
s2
)
f (Φ) = f (µ
u
) f (Σu) .

7KH SRVWHULRU GLVWULEXWLRQ f (u|z) ZKLFK LV REWDLQHG E\ PDUJLQDO
L]LQJ RXW WKH K\SHUSDUDPHWHU YHFWRU Φ DQG WKH QRLVH YDULDQFHV
s2 IURP WKH MRLQW SRVWHULRU f (θ,Φ|z) LV GLI¿FXOW WR KDQGOH WR
FRPSXWH WKH 0$3 RU 006( HVWLPDWRUV RI WKH LPDJH u ,Q
VWHDG WKLV SDSHU SURSRVHV WR XVH D 0DUNRY FKDLQ 0RQWH &DUOR
0&0& PHWKRG WR JHQHUDWH D FROOHFWLRQ RI N0& VDPSOHV U ={
u
(1), . . . ,u(N0&)
}
WKDW DUH DV\PSWRWLFDOO\ GLVWULEXWHG DFFRUGLQJ
WR WKH SRVWHULRU f (u|z) 7KH %D\HVLDQ HVWLPDWRUV RI u FDQ EH
FRPSXWHG XVLQJ WKHVH JHQHUDWHG VDPSOHV )RU LQVWDQFH WKH 006(
HVWLPDWRU RI u FDQ EH DSSUR[LPDWHG E\ DQ DYHUDJH RI WKH JHQHU
DWHG VDPSOHV uˆMMSE ≈ 1N0&−NEL
∑N0&
t=NEL+1 u
(t) ZKHUH NEL LV WKH
QXPEHU RI EXUQLQ LWHUDWLRQV UHTXLUHG WR UHDFK WKH VDPSOHU FRQYHU
JHQFH 7KH KLJKO\UHVROYHG +6 LPDJH FDQ ¿QDOO\ EH FRPSXWHG DV
xˆMMSE =
(
V
T
V
)−1
V
T
uˆMMSE = V
T
uˆMMSE 6LQFH LW LV QRW
HDV\ WR GLUHFWO\ VDPSOH IURP f (u|z) ZH SURSRVH WR VDPSOH DFFRUG
LQJ WR WKH MRLQW SRVWHULRU f (u, s2,µ
u
,Σu|z
) E\ XVLQJ D0HWURSROLV
ZLWKLQ*LEEV VDPSOHU ZKLFK FDQ EH HDVLO\ LPSOHPHQWHG VLQFH DOO
WKH FRQGLWLRQDO GLVWULEXWLRQV DVVRFLDWHG ZLWK f (u, s2,µ
u
,Σu|z
)
DUH VLPSOH 7KHVH FRQGLWLRQDO GLVWULEXWLRQV DUH SURYLGHG LQ 6HFWLRQ

 +<%5,' *,%%6 6$03/(5
7KH *LEEV VDPSOHU KDV UHFHLYHG PXFK DWWHQWLRQ LQ WKH VWDWLVWLFDO
FRPPXQLW\ WR VROYH %D\HVLDQ HVWLPDWLRQ SUREOHPV >@ >@ +RZ
HYHU LW FDQQRW EH XVHG IRU JHQHUDWLQJ VDPSOHV GLVWULEXWHG DFFRUGLQJ
WR  EHFDXVH LW LV QRW SRVVLEOH WR VDPSOH WKH FRQGLWLRQDO GLVWULEX
WLRQ RI WKH SURMHFWHG LPDJH u VHH 6HFWLRQ  IRU PRUH GHWDLOV $V
D FRQVHTXHQFH ZH SURSRVH WR VWXG\ D K\EULG *LEEV VDPSOHU GH¿QHG
E\ WKH VWHS SURFHGXUH GHWDLOHG EHORZ
 6DPSOLQJ WKH PHDQ RI WKH LPDJH µ
u
&RPELQLQJ WKH SULRU RI µ
u
ZLWK  ZH REWDLQ
µ
u
|Σu,u, s
2, z ∼ N
(
µ
µ
u
|u,Σµu|u
)

ZKHUH
µ
µ
u
|u = Σµu|u
(
Σ
−1
0 µ0 +Σ
−1
u
mxmy∑
i=1
ui
)
Σµ
u
|u =
(
Σ
−1
0 +mxmyΣ
−1
u
)−1
.

7KH *DXVVLDQ GLVWULEXWLRQ  LV HDV\ WR VDPSOH VLQFH WKH VL]H RI
Σµ
u
|u LV m˜λ × m˜λ ZKHUH m˜λ LV WKH DFWXDO GLPHQVLRQ RI WKH VSDFHZKHUH WKH GDWD OLYH ZKLFK LV JHQHUDOO\ ORZHU WKDQ 
 6DPSOLQJ WKH FRYDULDQFH PDWUL[ RI WKH LPDJH Σu
6WDQGDUG FRPSXWDWLRQV \LHOG WKH IROORZLQJ ,: GLVWULEXWLRQ DV FRQGL
WLRQDO GLVWULEXWLRQ IRU WKH FRYDULDQFH PDWUL[Σu
Σu|µu,u, s
2, z ∼
W−1
(
Ψ+
mxmy∑
i=1
(ui − µu)
T (ui − µu),mxmy + η
)
.
7KLV ,: GLVWULEXWLRQ LV HDV\ WR VDPSOH XVLQJ VWDQGDUG JHQHUDWRUV
 6DPSOLQJ WKH SURMHFWHG LPDJH u
&KRRVLQJ WKH FRQMXJDWH GLVWULEXWLRQ  DV SULRU IRU WKH SURMHFWHG LP
DJH u OHDGV WR WKH FRQGLWLRQDO SRVWHULRU GLVWULEXWLRQ
u|µ
u
,Σu, s
2, z ∼ N
(
µ
u|z,Σu|z
)

ZLWK
Σ
u|z =
(
Σ
⋆
u
−1 +
∑P
p=1
1
s2p
VF
T
pFpV
T
)−1
µ
u|z = Σu|z
(∑P
p=1
1
s2p
VF
T
p zp +Σ
⋆
u
−1
µ⋆
u
)
DQG µ⋆
u
= (µT
u
· · · µT
u︸ ︷︷ ︸
mxmy
)T ,Σ⋆
u
= GLDJ(Σu · · · Σu︸ ︷︷ ︸
mxmy
)
1RWH WKDW Σ
u|z LV GLI¿FXOW WR REWDLQ VLQFH Fp LV D KLJKGLPHQVLRQDOPDWUL[ DQG WKXV LQYHUWLQJ WKH PDWUL[ LQΣ
u|z LV YHU\ FRPSOLFDWHG $VD FRQVHTXHQFH VDPSOLQJ GLUHFWO\ IURP WKH DERYH GLVWULEXWLRQ LV QRW
SRVVLEOH DQG PDNHV WKH VWDQGDUG *LEEV VDPSOHU LQDSSOLFDEOH KHUH ,Q
WKLV SDSHU ZH SURSRVH WR XVH DQ +0& PHWKRG WR JHQHUDWH YHFWRUV
GLVWULEXWHG DFFRUGLQJ WR WKH *DXVVLDQ GLVWULEXWLRQ  0RUH GHWDLOV
DERXW WKH SURSRVHG +0& PHWKRG DUH DYDLODEOH LQ >@ DQG DUH RPLW
WHG KHUH IRU VSDFH OLPLWDWLRQV
 6DPSOLQJ WKH YHFWRU RI QRLVH YDULDQFHV s2
7KH FRQGLWLRQDO GLVWULEXWLRQV RI WKH QRLVH YDULDQFHV s2p IRU p = 1, 2DUH WKH IROORZLQJ LQYHUVHJDPPD GLVWULEXWLRQV
s2p|u, z ∼ IG
(
Np
2
,
∥∥zp − FpVTu∥∥2
2
)

ZKLFK DUH VWUDLJKWIRUZDUG WR VDPSOH
 6,08/$7,21 5(68/76
7KLV VHFWLRQ VWXGLHV WKH SHUIRUPDQFH RI WKH SURSRVHG %D\HVLDQ IX
VLRQ DOJRULWKP 7KH UHIHUHQFH LPDJH FRQVLGHUHG KHUH DV WKH KLJK
VSDWLDO DQG KLJK VSHFWUDO LPDJH LV D 128 × 128 × 103 +6 LPDJH
DFTXLUHG RYHU 3DYLD ,WDO\ E\ WKH 5HÀHFWLYH 2SWLFV 6\VWHP ,PDJLQJ
6SHFWURPHWHU 526,6 7KLV LPDJH ZDV LQLWLDOO\ FRPSRVHG RI 115
EDQGV WKDW KDYH EHHQ UHGXFHG WR 103 EDQGV DIWHU UHPRYLQJ WKH ZDWHU
YDSRU DEVRUSWLRQ EDQGV
 6LPXODWLRQ VFHQDULR
:H SURSRVH WR UHFRQVWUXFW WKH UHIHUHQFH +6 LPDJH u IURP WZR +6
DQG 06 LPDJHV z1 DQG z2 )LUVW D KLJKVSHFWUDO DQG ORZVSDWLDO
UHVROXWLRQ LPDJH z1 +6 LPDJH KDV EHHQ JHQHUDWHG E\ DSSO\LQJ D
17 × 17 EOXUULQJ ¿OWHU DQG GRZQVDPSOLQJ HYHU\  SL[HOV LQ ERWK
YHUWLFDO DQG KRUL]RQWDO GLUHFWLRQ RQ HDFK EDQG RI WKH UHIHUHQFH LPDJH
6HFRQG D 4EDQG 06 LPDJH z2 LV REWDLQHG E\ ¿OWHULQJ u ZLWK WKH
,.2126 UHÀHFWDQFH VSHFWUDO UHVSRQVHV 7KH +6 DQG 06 LPDJHV
KDYH EHHQ ERWK FRQWDPLQDWHG E\ ]HURPHDQ DGGLWLYH *DXVVLDQ QRLVHV
ZLWK VLJQDO WR QRLVH UDWLRV 6151 = 30G% DQG 6152 = 20G% ZKHUH
615p = 10 log10
(
‖zp‖
2
2
Nps2p
)
IRU p = 1, 2 $ FRPSRVLWH FRORU LPDJH
IRUPHG E\ VHOHFWLQJ WKH UHG JUHHQ DQG EOXH EDQGV RI WKH UHIHUHQFH
LPDJH LV VKRZQ LQ )LJ D 7KH QRLVHFRQWDPLQDWHG +6 DQG 06
LPDJHV DUH GHSLFWHG LQ )LJ E DQG )LJ F WKH +6 LPDJH KDV
EHHQ LQWHUSRODWHG IRU EHWWHU YLVXDOL]DWLRQ
7R OHDUQ WKH PDWUL[ V ZH SURSRVH WR XVH WKH SULQFLSDO FRPSR
QHQW DQDO\VLV 3&$ 1RWH WKDW RWKHU GLPHQVLRQDOLW\ UHGXFWLRQ WHFK
QLTXHV VXFK DV > @ FRXOG DOVR EH XVHG +RZHYHU WKH 3&$ KDV
D 5HIHUHQFH E +6
F 06 G 0$3 >@
H :DYHOHW 0$3 >@ I 006( HVWLPDWRU
)LJ  D 5HIHUHQFH E +6 LPDJH F 06 LPDJH G 0$3
HVWLPDWRU H :DYHOHW 0$3 HVWLPDWRU I 3URSRVHG HVWLPDWRU
EHHQ XVHG KHUH IRU VLPSOLFLW\ 3UHFLVHO\ WKH GLPHQVLRQ RI WKH SURMHF
WLRQ VXEVSDFH m˜λ LV GH¿QHG DV WKH PLQLPXP LQWHJHU m˜λ VDWLVI\LQJ
WKH FRQGLWLRQ (∑m˜λ
i=1 di)/(
∑mλ
i=1 di) ≥ 0.985 ZKHUH d1 ≥ d2 ≥
... ≥ dmλ DUH WKH HLJHQYDOXHV RI WKH VDPSOH FRYDULDQFH PDWUL[ )RUWKLV H[DPSOH WKH ¿UVW m˜λ = 5 HLJHQYHFWRUV FRQWDLQ 98.5% RI WKH
LQIRUPDWLRQ
 )XVLRQ SHUIRUPDQFH
7R HYDOXDWH WKH TXDOLW\ RI WKH SURSRVHG IXVLRQ VWUDWHJ\ GLIIHUHQW
LPDJH TXDOLW\ PHDVXUHV FDQ EH LQYHVWLJDWHG 5HIHUULQJ WR >@ ZH
SURSRVH WR XVH WKH UHFRQVWUXFWLRQ HUURU 5( WKH DYHUDJHG VSHFWUDO
DQJOH PDSSHU 6$0 DQG WKH XQLYHUVDO LPDJH TXDOLW\ LQGH[ 8,4,
DV TXDQWLWDWLYH PHDVXUHV 7KH UHFRQVWUXFWLRQ HUURU 5( LV UHODWHG
WR WKH GLIIHUHQFH EHWZHHQ WKH DFWXDO DQG IXVHG LPDJHV 5((x, xˆ) =
10 log10
(
‖x−xˆ‖22
‖x‖2
)
 7KH VPDOOHU 5( WKH EHWWHU WKH IXVLRQ DQG YLFH
YHUVD 7KH GH¿QLWLRQ RI 6$0 DQG 8,4, FDQ EH IRXQG LQ >@
2XU H[SHULPHQWV FRPSDUH WKH SURSRVHG KLHUDUFKLFDO %D\HVLDQ
PHWKRG ZLWK WZR VWDWHRIWKHDUW IXVLRQ DOJRULWKPV IRU 06 DQG +6
LPDJHV >@ )XVLRQ UHVXOWV REWDLQHG ZLWK WKH GLIIHUHQW DOJRULWKPV
DUH GHSLFWHG LQ )LJ G H DQG I *UDSKLFDOO\ WKH SURSRVHG
DOJRULWKP SHUIRUPV FRPSHWLWLYHO\ ZLWK WKH RWKHU PHWKRGV 4XDQ
7DEOH  3HUIRUPDQFH RI GLIIHUHQW IXVLRQ PHWKRGV
0HWKRGV 5(G% 8,4, 6$0GHJ 7LPHV
+DUGLH    
=KDQJ    
3URSRVHG    
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615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2 2
$FWXDO
(VWLPDWLRQ
)LJ  1RLVH YDULDQFHV DQG WKHLU 006( HVWLPDWHV 7RS +6 ,PDJH
6152 = 30G% %RWWRP 06 ,PDJH 6151 = 30G%
WLWDWLYH UHVXOWV UHSRUWHG LQ 7DEOH  VKRZ WKDW WKH SURSRVHG PHWKRG
VOLJKWO\ RXWSHUIRUPV WKH PHWKRGV RI >@ DQG >@ DW WKH SULFH RI D
KLJKHU FRPSXWDWLRQDO FRPSOH[LW\ 7KLV UHVXOW FDQ EH H[SODLQHG E\
WKH IDFW WKDW WKH SURSRVHG PHWKRG H[SOLFLWO\ H[SORLWV WKH VHQVRU FKDU
DFWHULVWLFV 2I FRXUVH WKLV LPSURYHPHQW DOVR GHSHQGV RQ WKH QDWXUH
RI WKH LPDJHV WR EH IXVHG DQG RQ WKH GHJUDGDWLRQ RSHUDWRU 0RUHRYHU
DQ LQWHUHVWLQJ SURSHUW\ RI WKH SURSRVHG %D\HVLDQ PHWKRG LV WKDW LW DO
ORZV QRLVH YDULDQFHV WR EH HVWLPDWHG IURP WKH VDPSOHV JHQHUDWHG E\
WKH *LEEV VDPSOHU 7KH SHUIRUPDQFH RI WKH 006( HVWLPDWRU RI s21UHVS s22 IRU D ¿[HG YDOXH RI s22 UHVS s21 LV LOOXVWUDWHG LQ )LJ 7KHVH UHVXOWV VKRZ WKDW WKH QRLVH YDULDQFHV FDQ EH HVWLPDWHG ZLWK
JRRG SHUIRUPDQFH HVSHFLDOO\ DW KLJK YDOXHV RI WKH 615V
 &21&/86,216
7KLV SDSHU SURSRVHG D KLHUDUFKLFDO %D\HVLDQ PRGHO IRU WKH IXVLRQ RI
PXOWLVSHFWUDO DQG K\SHUVSHFWUDO LPDJHV 7KH LPDJH WR EH UHFRYHUHG
ZDV DVVXPHG WR EH GHJUDGHG E\ SK\VLFDO WUDQVIRUPDWLRQV LQFOXGHG
ZLWKLQ D IRUZDUG PRGHO :H GH¿QHG DQ DSSURSULDWH SULRU GLVWULEX
WLRQ H[SORLWLQJ JHRPHWULFDO FRQFHSWV XVHG IRU WKH VSHFWUDO XQPL[LQJ
RI K\SHUVSHFWUDO LPDJHV 7KLV SULRU GLVWULEXWLRQ ZDV XVHG WR GH¿QH
D QHZ KLHUDUFKLFDO %D\HVLDQ IXVLRQ PRGHO 7KH SRVWHULRU GLVWULEX
WLRQ RI WKLV PRGHO ZDV VDPSOHG XVLQJ D +DPLOWRQLDQ 0RQWH &DUOR
DOJRULWKP 6LPXODWLRQV FRQGXFWHG RQ UHDOLVWLF PXOWLVSHFWUDO DQG K\
SHUVSHFWUDO LPDJHV VKRZHG WKDW WKH SURSRVHG PHWKRG JLYHV VOLJKWO\
EHWWHU UHVXOWV WKDQ WZR VWDWHRIWKHDUW IXVLRQ WHFKQLTXHV 7KHVH LP
SURYHPHQWV FDQ EH DWWULEXWHG WR WKH SURSRVHG REVHUYDWLRQ PRGHO
ZKLFK H[SOLFLWO\ H[SORLWV WKH VHQVRU FKDUDFWHULVWLFV 0RUHRYHU WKH
SURSRVHG PHWKRG KDV VHYHUDO DGYDQWDJHV  LW DOORZV WKH QRLVH YDUL
DQFHV WR EH HVWLPDWHG MRLQWO\ ZLWK WKH LPDJH WR EH UHFRYHUHG 
LW FDQ EH JHQHUDOL]HG WR PRUH FRPSOLFDWHG IXVLRQ PRGHOV VXFK DV
WKRVH EDVHG RQ QRQ*DXVVLDQ LPDJH SULRUV )XWXUH ZRUN LQFOXGHV
WKH GHYHORSPHQW RI VLPLODU IXVLRQ DOJRULWKPV DFFRXQWLQJ IRU EDQG
GHSHQGHQW QRLVH YDULDQFHV RUDQG LPSHUIHFW NQRZOHGJH DERXW WKH OLQ
HDU RSHUDWRUV
 5()(5(1&(6
>@ , $PUR - 0DWHRV 0 9HJD 5 0ROLQD DQG $ . .DWVDJJH
ORV ³$ VXUYH\ RI FODVVLFDO PHWKRGV DQG QHZ WUHQGV LQ SDQVKDUS
HQLQJ RI PXOWLVSHFWUDO LPDJHV´ (85$6,3 - $GY 6LJQDO 3UR
FHVV YRO  QR  SS ± 
>@ /:DOG ³6RPH WHUPV RI UHIHUHQFH LQ GDWD IXVLRQ´ ,((( 7UDQV
*HRVFL DQG 5HPRWH 6HQV YRO  QR  SS  ± 0D\

>@ ' /LX DQG 3 7 %RXIRXQRV ³'LFWLRQDU\ OHDUQLQJ EDVHG SDQ
VKDUSHQLQJ´ LQ 3URF ,((( ,QW &RQI $FRXVW 6SHHFK DQG
6LJQDO 3URFHVVLQJ ,&$663 .\RWR -DSDQ 0DUFK  SS
±
>@ ' 0DQRODNLV DQG * 6KDZ ³'HWHFWLRQ DOJRULWKPV IRU K\SHU
VSHFWUDO LPDJLQJ DSSOLFDWLRQV´ ,((( 6LJQDO 3URFHVV 0DJ
YRO  QR  SS ± MDQ 
>@ - 0 %LRXFDV'LDV $ 3OD]D 1 'RELJHRQ 0 3DUHQWH
4 'X 3 *DGHU DQG - &KDQXVVRW ³+\SHUVSHFWUDO XQPL[LQJ
RYHUYLHZ *HRPHWULFDO VWDWLVWLFDO DQG VSDUVH UHJUHVVLRQEDVHG
DSSURDFKHV´ ,((( - 6HO 7RSLFV $SSO (DUWK 2EVHUYDWLRQV DQG
5HPRWH 6HQV YRO  QR  SS ± 
>@ 0 &HWLQ DQG 1 0XVDRJOX ³0HUJLQJ K\SHUVSHFWUDO DQG
SDQFKURPDWLF LPDJH GDWD TXDOLWDWLYH DQG TXDQWLWDWLYH DQDO\
VLV´ ,QW - 5HPRWH 6HQV YRO  QR  SS ± 
>@ & &KLVHQVH - (QJHOV 0 +DKQ DQG ( *XOFK ³3DQVKDUS
HQLQJ RI K\SHUVSHFWUDO LPDJHV LQ XUEDQ DUHDV´ LQ 3URF ;;,,
&RQJU RI WKH ,QW 6RFLHW\ IRU 3KRWRJUDPPHWU\ 5HPRWH 6HQV
0HOERXUQH $XVWUDOLD 
>@ * &KHQ 6( 4LDQ -3 $UGRXLQ DQG : ;LH ³6XSHU
UHVROXWLRQ RI K\SHUVSHFWUDO LPDJHU\ XVLQJ FRPSOH[ ULGJHOHW
WUDQVIRUP´ ,QW - RI :DYHOHWV 0XOWLUHVROXWLRQ DQG ,QIRUP
3URFHVVLQJ YRO  QR  
>@ < =KDR - <DQJ 4 =KDQJ / 6RQJ < &KHQJ DQG 4 3DQ
³+\SHUVSHFWUDO LPDJHU\ VXSHUUHVROXWLRQ E\ VSDUVH UHSUHVHQ
WDWLRQ DQG VSHFWUDO UHJXODUL]DWLRQ´ (85$6,3 -RXUQDO RQ $G
YDQFHV LQ 6LJQDO 3URFHVVLQJ YRO  QR  SS ± 
>@ + =KDQJ / =KDQJ DQG + 6KHQ ³$ VXSHUUHVROXWLRQ UHFRQ
VWUXFWLRQ DOJRULWKP IRU K\SHUVSHFWUDO LPDJHV´ 6LJQDO 3URFHVV
LQJ YRO  QR  SS ± 
>@ 9 6KHWWLJDUD ³$ JHQHUDOL]HG FRPSRQHQW VXEVWLWXWLRQ WHFK
QLTXH IRU VSDWLDO HQKDQFHPHQW RI PXOWLVSHFWUDO LPDJHV XVLQJ
D KLJKHU UHVROXWLRQ GDWD VHW´ 3KRWRJUDPP (QJ 5HPRWH 6HQV
YRO  QR  SS ± 
>@ - =KRX ' &LYFR DQG - 6LODQGHU ³$ ZDYHOHW WUDQVIRUP
PHWKRG WR PHUJH ODQGVDW WP DQG VSRW SDQFKURPDWLF GDWD´ ,QW
- 5HPRWH 6HQV YRO  QR  SS ± 
>@ 5 & +DUGLH 0 7 (LVPDQQ DQG * / :LOVRQ ³0$3 HVWLPD
WLRQ IRU K\SHUVSHFWUDO LPDJH UHVROXWLRQ HQKDQFHPHQW XVLQJ DQ
DX[LOLDU\ VHQVRU´ ,((( 7UDQV ,PDJH 3URFHVV YRO  QR 
SS ± 6HSW 
>@ < =KDQJ 6 'H %DFNHU DQG 3 6FKHXQGHUV ³1RLVHUHVLVWDQW
ZDYHOHWEDVHG %D\HVLDQ IXVLRQ RI PXOWLVSHFWUDO DQG K\SHUVSHF
WUDO LPDJHV´ ,((( 7UDQV *HRVFL DQG 5HPRWH 6HQV YRO 
QR  SS  ± 1RY 
>@ 0 -RVKL DQG $ -DOREHDQX ³0$3 HVWLPDWLRQ IRU PXOWLUHVROX
WLRQ IXVLRQ LQ UHPRWHO\ VHQVHG LPDJHV XVLQJ DQ ,*05) SULRU
PRGHO´ ,((( 7UDQV *HRVFL DQG 5HPRWH 6HQV YRO  QR 
SS ± 0DUFK 
>@ ; 2WD]X 0 *RQ]DOH]$XGLFDQD 2 )RUV DQG - 1XQH]
³,QWURGXFWLRQ RI VHQVRU VSHFWUDO UHVSRQVH LQWR LPDJH IXVLRQ
PHWKRGV $SSOLFDWLRQ WR ZDYHOHWEDVHG PHWKRGV´ ,((( 7UDQV
*HRVFL DQG 5HPRWH 6HQV YRO  QR  SS ±

>@ 1 'RELJHRQ 6 0RXVVDRXL 0 &RXORQ -< 7RXUQHUHW DQG
$ 2 +HUR ³-RLQW ED\HVLDQ HQGPHPEHU H[WUDFWLRQ DQG OLQHDU
XQPL[LQJ IRU K\SHUVSHFWUDO LPDJHU\´ ,((( 7UDQV 6LJQDO 3UR
FHVV YRO  QR  SS ± 
>@ 6 'XDQH $ ' .HQQHG\ % - 3HQGOHWRQ DQG ' 5RZHWK
³+\EULG 0RQWH &DUOR´ 3K\VLFV /HWW % YRO  QR  SS
± 6HSW 
>@ 50 1HDO ³0&0& XVLQJ +DPLOWRQLDQ G\QDPLFV´ +DQGERRN
RI 0DUNRY &KDLQ 0RQWH &DUOR YRO  SS ± 
>@ - % &DPSEHOO ,QWURGXFWLRQ WR UHPRWH VHQVLQJ UG HG 1HZ
<RUN 1< 7D\ORU 	 )UDQFLV 
>@ 1 .HVKDYD DQG - ) 0XVWDUG ³6SHFWUDO XQPL[LQJ´ ,((( 6LJ
QDO 3URFHVV 0DJ YRO  QR  SS ± -DQ 
>@ 3 - /LX ³8VLQJ *DXVVLDQ SURFHVV UHJUHVVLRQ WR GHQRLVH LPDJHV
DQG UHPRYH DUWHIDFWV IURPPLFURDUUD\ GDWD´ 3K' GLVVHUWDWLRQ
8QLYHUVLW\ RI 7RURQWR 
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